The excited state dynamics in polycrystalline thin films of tetracene are studied using both picosecond fluorescence and femtosecond transient absorption. The solid-state results are compared with those obtained for monomeric tetracene in dilute solution. The room temperature solid-state fluorescence decays are consistent with earlier models that take into account exciton-exciton annihilation and exciton fission but with a reduced delayed fluorescence lifetime, ranging from 20-100 ns as opposed to 2 s or longer in single crystals. Femtosecond transient absorption measurements on the monomer in solution reveal several excited state absorption features that overlap the ground state bleach and stimulated emission signals. On longer timescales, the initially excited singlet state completely decays due to intersystem crossing, and the triplet state absorption superimposed on the bleach is observed, consistent with earlier flash photolysis experiments. In the solid-state, the transient absorption dynamics are dominated by a negative stimulated emission signal, decaying with a 9.2 ps time constant. The enhanced bleach and stimulated emission signals in the solid are attributed to a superradiant, delocalized S 1 state that rapidly fissions into triplets and can also generate a second superradiant state, most likely a crystal defect, that dominates the picosecond luminescence signal. The enhanced absorption strength of the S 0 → S 1 transition, along with the partially oriented nature of our polycrystalline films, obscures the weaker T 1 → T N absorption features. To confirm that triplets are the major species produced by relaxation of the initially excited state, the delayed fluorescence and ground state bleach recovery are compared. Their identical decays are consistent with triplet diffusion and recombination at trapping or defect sites. The results show that complications like exciton delocalization, the presence of luminescent defect sites, and crystallite orientation must be taken into account to fully describe the photophysical behavior of tetracene thin films. The experimental results are consistent with the traditional picture that tetracene's photodynamics are dominated by exciton fission and triplet recombination, but suggest that fission occurs within 10 ps, much more rapidly than previously believed.
I. INTRODUCTION
The larger polyacenes ͑anthracene, tetracene, and pentacene͒ have long served as prototypical conjugated organic semiconductors. Coherent bandlike charge transport has long been known to exist in highly purified polyacene crystals, 1 and these molecules and their derivatives form an important class of materials for organic electronic devices. 2 Recently, attention has focused on potential applications of this class of molecules in organic photovoltaic devices. Heterojunction solar cells based on tetracene and pentacene have displayed reasonably high ͑ϳ2%͒ solar energy conversion efficiencies.
3- 6 The combination of facile charge transport and exciton diffusion suggests that these materials have the potential to generate high photocurrents. In addition, these molecules also exhibit exciton fission ͑EF͒, the spontaneous splitting of a singlet exciton into a pair of triplets that holds promise as a way to increase the overall efficiency of solar cells by as much as 30%. 7, 8 Originally observed in anthracene crystals, 9 EF has been postulated to play an important role in the excited state dynamics of tetracene 10 and pentacene, 11 both of which fulfill the energetic requirement for efficient EF that the energy of the relaxed singlet state E͑S 1 ͒ must be at least twice that of the triplet energy E͑T 1 ͒, i.e., E͑S 1 ͒ Ն 2E͑T 1 ͒. 12 Recent theoretical work is clarifying the conditions under which EF may optimized, 13, 14 and experimental work in our group has demonstrated that EF can occur in covalent tetracene dimers 15, 16 while other groups have investigated a variety of other organic materials. [17] [18] [19] [20] [21] [22] [23] But in some sense the technological development of these materials has outstripped the fundamental understanding of their electronic states and how dynamic processes like relaxation and transport occur. For example, recent experiments on pentacene-based photodetectors suggest that EF enhances carrier generation in this molecular solid. 24 Recent transient absorption ͑TA͒ experiments 25, 26 and theoretical work, 27 on a͒ These two authors contributed equally to this work.
b͒ the other hand, have cast doubt on whether the initially created singlet exciton actually dissociates into two triplets in pentacene. Alternative pathways include the formation of charge-transfer excitons or bound triplet pair states after subpicosecond relaxation from the initially excited singlet state. Recent work in our group has centered on gaining a quantitative understanding of the delocalized singlet excitons in both anthracene and tetracene using time-resolved photoluminescence spectroscopy. 28, 29 Tetracene is similar to pentacene in terms of its crystal structure and its solid-state absorption properties but has the advantages of greater chemical stability and a large body of previous spectroscopic studies. Tetracene's energy levels are also favorable for studying the interaction of singlet and triplet excitons. In pentacene, E͑S 1 ͒ Ͼ 2E͑T 1 ͒ and once the triplets are formed, it is energetically impossible for them to recombine at a later time into a singlet state. In tetracene, E͑S 1 ͒Х2E͑T 1 ͒ which permits both singlet and triplet dynamics to be monitored via prompt and delayed fluorescence signals, respectively. 30 The ability to easily detect both species via fluorescence has allowed the extensive characterization of EF in crystalline tetracene, and the dependence of singlet versus triplet yield on magnetic field orientation has provided strong evidence that EF plays a dominant role in this system. [31] [32] [33] [34] The established nature of EF in this system makes tetracene an interesting system both for fundamental photophysical studies and as a potential EF material for photovoltaic applications. In this paper, we study the excited state dynamics in polycrystalline thin films of tetracene using both picosecond fluorescence and femtosecond transient absorption. We compare our solidstate results with those obtained for monomeric tetracene in dilute solution. Our room temperature fluorescence decay data are consistent with earlier models that take into account a range of processes, including exciton-exciton annihilation ͑both singlet and triplet͒ and EF. The main difference between our data and earlier data on single crystals is a drastically reduced triplet lifetime in the polycrystalline films, a phenomenon that may have implications for devices based on evaporated thin films. Femtosecond TA measurements on the monomer in solution reveal several excited state absorption features that overlap the ground state bleach and stimulated emission signals on the picosecond timescale. On longer timescales, the initially excited singlet state completely decays due to intersystem crossing, and the triplet state absorption superimposed on the bleach is observed, consistent with earlier flash photolysis experiments. 35 In the solid-state, the TA dynamics are completely different from those of the monomer, with a dominant stimulated emission signal that decays on a 10 ps timescale superimposed on weak excited state absorption features. We attribute this unexpectedly large signal to a superradiant S 0 → S 1 transition. The initially excited S 1 state rapidly partitions between EF and relaxation into a second superradiant state, most likely associated with a crystal defect, that is observed in the photoluminescence. The enhanced absorption strength of the S 0 → S 1 transition, along with the partially oriented nature of our polycrystalline films, makes it difficult to unambiguously observe the weaker T 1 → T N absorption features in the solid film. In order to confirm that triplets are the dominant excited state species after photoexcitation, we simultaneously measure the delayed fluorescence ͑due to triplets͒ and ground state bleach decay. The fact that they decay on identical timescales is consistent with the picture that the excited state dynamics are dominated by EF followed by triplet diffusion and recombination. Our experimental results clarify some of the complexities inherent in the spectroscopy of large polyacenes in the solid-state, including the roles of superradiant excitons and defect states. We find no evidence, however, that the overall picture of solid-state tetracene photodynamics being dominated by EF and triplet recombination requires significant revision.
II. EXPERIMENTAL
Tetracene from two different sources was used for these experiments and gave identical results. Tetracene purchased from TCI was purified via sublimation prior to use, while tetracene purchased from Aldrich ͑sold as benz͓b͔anthracene sublimed grade, 99.99% trace metals basis͒ was used as received. Monomer samples of tetracene for the TA experiments were made by dissolving tetracene into toluene to make solutions. Several different methods were used to generate tetracene polycrystalline samples. For the growth of the thin solid films, glass slides were cut into ϳ1 cm by 3 cm pieces and cleaned in tetrahydrofuran before being placed in a base bath. After the base bath, the substrates were rinsed with deionized H 2 O and dried in an oven at 200°C. Polycrystalline films were grown by evaporating tetracene in a Pelco vacuum evaporator under pressures less than 1.5 ϫ 10 −5 torr onto cleaned glass substrates. Thin films were also grown under flowing argon by horizontal physical vapor growth, 36 with a source temperature of 180°C, and a deposition temperature ranging from 140 to 160°C. A third method utilized reprecipitation from a tetrahydrofuran solution to form an aqueous suspension of nanoparticles. 37 Samples grown using all three methods gave very similar results for the fluorescence experiments, but only the thermally evaporated films were used for the TA measurements due to their greater homogeneity and lower scattering. Tetracene single crystals were grown by sublimation over 14 h, then carefully placed onto cleaned glass slides and affixed with vacuum grease.
Steady state absorption spectra of the solid samples were taken under vacuum in a Janis ST100 cryostat using an Ocean Optics SD2000 spectrometer. Absorption spectra of liquid samples were taken in a 1 mm quartz cuvette in a Cary 50 spectrometer. Steady state fluorescence spectra were measured with a Fluorolog 3 spectrofluorimeter with 400 nm excitation and front face detection.
Fluorescence lifetimes were taken using front face detection with a Hamamatsu C4334 streakscope picosecond streak camera. The 400 nm excitation was generated by frequency doubling the 800 nm pulse from a 40 kHz Spectra-Physics Spitfire Ti:sapphire regenerative amplifier. Scattered pump light was removed by placing a 450 nm long wave pass filter and 420 nm color filter on the input lens before the streak camera. The fluorescence was detected at 54.7°relative to the pump to eliminate rotational diffusion effects. A power dependence on the samples was done in order to determine the fluences where exciton-exciton annihilation became a factor. The onset of singlet-singlet annihilation was observed at 4.05ϫ 10 −5 J cm −2 , and triplet-triplet annihilation started at 1.22ϫ 10 −5 J cm −2 . All the fluorescence lifetimes were measured at fluences of 4.0ϫ 10 −6 J cm −2 or below. No sample damage was observed at any of these fluences.
Broadband transient absorption data were taken with an ultrafast systems Helios transient absorption spectrometer, both at Argonne National Laboratories and at UC Riverside. At Argonne National Laboratories, a Spectra-Physics Tsunami Ti:sapphire 75 MHz oscillator was used to seed a 1.666 kHz Spectra-Physics Spit-Fire Pro regenerative amplifier with 150 fs pulsewidth. 95% of the output from the amplifier is used to pump a Topas optical parametric amplifier, which is used to provide the pump beam in the Helios transient absorption setup. The remaining 5% of the amplifier is focused onto a sapphire crystal to create white light continuum to serve as the probe beam. The pump beam was depolarized and chopped at 833 Hz and both pump and probe beams were overlapped in the sample. The probe beam is then focused onto an optical fiber to direct the beam to the spectrometer. At UC Riverside, both pump and probe pulses were generated by a Quantronix Integra Ti:sapphire regenerative amplifier, operating at 1 kHz with 1 mJ output at 790 nm, which was seeded by a Spectra-Physics MaiTai Ti:sapphire oscillator operating at 80 MHz. The pump pulse at 400 nm was created by pumping a Quantronix Palitra optical parametric amplifier with 99% of the pump power. The probe beam was generated by taking 1% of the power to generate white light continuum in a sapphire plate. The pump beam was chopped at 100 Hz before the two beams were overlapped in the sample, and the probe beam went on to focus into an optical fiber which directed the beam to the chargecoupled device of the spectrometer. The time resolution of the TA systems was determined to be 250-300 fs by the width of the cross-correlation peak in the pure solvent. Solid samples were kept in the Janis ST100 cryostat under vacuum ͑Ͻ5 ϫ 10 −4 torr͒. Solution samples ͑7 ϫ 10 −4 M in toluene͒ were flowed through a 0.5 mm path length cell, with a replacement rate of 3 mL/s. All samples were excited using pump fluences of 1.5ϫ 10 −3 J cm −2 or less, and repeated scans showed no sample damage over the course of 30 min scans.
For the long delay transient absorption experiments, the pump and probe were polarized parallel to each other. The probe and a reference beam were directed to balanced photodiodes with 10 nm bandpass 532 nm interference filters. The two signals were fed into a lockin amplifier and subtraction was used to obtain the ⌬T signal. The first 2 ns of delay were achieved using the same stage used in the broadband transient absorption experiments, and longer delays were achieved by increasing the distance the probe beam traveled before generating continuum. For this purpose, two goldcoated mirrors were set up parallel to one another with a separation of 2 m, forming a cavity. The 800 nm pulse was directed into this cavity so that it bounced back and forth between the two mirrors, undergoing multiple round trips.
The beam was picked off on different passes in this setup to extend the delay from 0 to 87 ns. After going through this delay, the beam was then used to generate continuum in the sapphire plate for use as the probe pulse. The transient absorption signal was then averaged with and without the probe in order to calculate ⌬T / T signal levels. Each point was normalized according to pump power before being plotted.
III. RESULTS AND DISCUSSION

A. Film morphology and steady state properties
In order to facilitate comparison with our solid tetracene data, the solution-phase absorption and fluorescence spectra of monomeric tetracene, along with its molecular structure, are shown in Fig. 1 . Figure 2͑a͒ shows a typical atomic force microscope ͑AFM͒ image of an 80 nm thick tetracene film prepared using thermal evaporation under a 10 −5 torr vacuum. Most of the film consists of submicron tetracene crystallites evenly distributed across the substrate. As the film thickness is increased, either by extending the deposition time or by using a larger amount of tetracene in the evaporation boat, the density of the crystallites increases and larger crystallites begin to appear. The crystallites tend to align with their ab planes parallel to the substrate surface, and this fact, along with the large Davydov splitting in tetracene, has a strong influence on the optical properties of the thin films. Hofberger showed that the changes in optical lineshape observed with increasing film thickness could be understood in terms of differential absorption of the a and b Davydov components of microcrystallites randomly oriented in the ab plane, combined with scattering. 38, 39 We observe the same phenomena in our evaporated thin films, as shown in Fig. 2͑b͒ . The increased intensity of the high energy b Davydov peak and sharpening of the absorption features are both purely optical effects and should not be mistaken for changes in electronic states. The other important effect of increasing film thickness is to distort the fluorescence spectrum due to self-absorption. While peak absorption values up to ϳ0.5 appear to give rise to undistorted fluorescence spectra, higher absorptions lead to an apparent redshift of the fluorescence peak as well as enhancing the 0-1 and lower energy vibronic peaks in the fluorescence spectrum, as shown in Fig. 2͑c͒ . This distortion of the true fluorescence spectrum by self-absorption is a significant concern when the lineshape is used as an indicator of exciton coherence length. For all our fluorescence measurements, the peak optical density was 0.2 or less, resulting in undistorted emission spectra. The two undistorted spectra clearly demonstrate the enhanced 0-0 peak that is a signature of the J-type delocalized exciton in the crystalline state. 40 The lack of long-range crystallinity and relatively broad absorption lineshapes ͑i.e., short T 2 dephasing times͒ means that refractive index effects, such as polariton formation, are not a concern. Our physical picture of the films is that they consist of crystalline aggregates, with the ab plane parallel to the substrate, but otherwise behaving independently, much as they would if isolated as a dilute suspension in an inert liquidlike water.
B. Time-resolved photoluminescence
The fluorescence decays of monomeric and polycrystalline tetracene show dramatic differences. In Fig. 3͑a͒ , the fluorescence decay of tetracene in toluene solution is a single exponential with a time constant fl = 4.2 ns, similar to what has been observed for tetracene in other solvents. 41, 42 The solid film, on the other hand, exhibits a biexponential decay with ϳ90% of the fluorescence decaying with a prompt = 80 ps and a second, much longer-lived component with delayed = 55 ns. In previous work, the subnanosecond decay of the prompt fluorescence is usually assumed to result from rapid EF, while the longer-lived component arises from delayed fluorescence ͑DF͒ arising from triplet-triplet recombination that repopulates the emissive singlet state. Thus the DF lifetime reflects the triplet exciton lifetime and is expected to depend sensitively on sample morphology. In Fig.  3͑b͒ , we compare the fluorescence dynamics of a vacuum evaporated thin film with those of a single crystal. The crystal DF is essentially flat in this time window, and we estimate its lifetime to be 5 -10 s. This value places it within the range of other measurements in single crystal tetracene but below the longest measured DF lifetimes of 50 s or greater. [43] [44] [45] [46] [47] The inset in Fig. 3͑b͒ compares the transient photoluminescence spectra for early time ͑0-1 ns͒ and late times ͑100 ns-1 s͒ for the evaporated film, confirming that the DF originates from the same singlet state as the prompt fluorescence. The dependence of triplet lifetime on crystal quality has been noted by earlier workers, but the 55 ns lifetime of the DF decay in polycrystalline films is much shorter than the shortest lifetime ͑2 s͒ reported for single crystal samples. We have found that the lifetime of the 
FIG. 3. ͑a͒
The normalized fluorescence decays of monomeric tetracene in toluene ͑black͒, which gives rise to a single exponential decay, and a 60 nm thick vacuum evaporated polycrystalline film ͑red͒ which exhibits prompt and delayed fluorescence decays. ͑b͒ Comparison of the decays of a sublimation grown single crystal ͑black͒ and the 60 nm thick vacuum evaporated polycrystalline film ͑red͒. Inset in ͑b͒: the spectra of the film at early ͑0-2 ns͒ and late ͑500-1000 ns͒ times during the decay. DF ranges from 20-100 ns for polycrystalline samples prepared by reprecipitation in water as well as for thick versus thin films grown by either evaporation method. Hence this drastic shortening of the triplet lifetime appears to be a general feature of polycrystalline tetracene grown by random, nonequilibrium assembly.
To further examine the fluorescence dynamics, and also to make contact with previous kinetic models for tetracene fluorescence, we examine the intensity-dependent dynamics and quantitatively model them using the kinetic scheme shown in Fig. 4 . For tetracene solid, there are a variety of processes that affect the population of the singlet excited state, which is what is monitored by our fluorescence measurements. We consider both the triplet and singlet populations:
where k rad is the radiative decay rate, k isc is the intersystem crossing rate, k ic is the internal conversion rate, k fiss is the fission rate, k trip is the triplet decay rate for an isolated triplet, and k TT and k TS are the triplet-triplet annihilation rates to form higher energy triplet or singlet states, respectively. Using this model, we can reproduce the intensity-dependent fluorescence decays in thin tetracene films shown in Fig. 5͑a͒ for excitation densities of 4.5ϫ 10 2 , 5.4ϫ 10 3 , and 3.0 ϫ 10 4 m −3 . To model this data, we numerically solve the coupled differential Eqs. ͑1a͒ and ͑1b͒ using the parameters k trip = 6.7ϫ 10 6 s −1 , k fiss = 9.3ϫ 10 9 s −1 , vary by at least an order of magnitude, and our values are within the middle of these ranges for all three parameters. In accordance with the work of Pope and co-workers, 55 we found it necessary to have a nonzero k TT in order to reproduce the trends with intensity. We also convoluted the decays with a Gaussian instrument response function with a 1/e time of 12 ps. The traces shown in Fig. 5͑b͒ reproduce the qualitative trends in the data, but we did not attempt to quantitatively overlap the simulations with the data for the following reasons. First, there is considerable uncertainty in the actual excitation density, perhaps as much as a factor of 2, due to the difficulty of measuring the absorption of such thin films accurately. Second, as mentioned above, many of the parameters of this model have not been independently measured to high precision, making it difficult to find a unique solution for this multidimensional problem. Lastly, as we will show below, the presence of defects and other complications means that the model outlined in Fig. 4 is probably insufficient to capture the full photophysical behavior of our thin films due to its neglect of defects and trapping sites. The main point of this exercise is to demonstrate that our measurements are consistent with previous work that modeled the fluorescence dynamics under the assumption that the excited state relaxation is dominated by EF. The results in Fig.  5 should not be taken as validation for the simple model in Fig. 4 , but rather as a consistency check to show that our fluorescence data can be parametrized in the same way as 
FIG. 5. ͑a͒
The fluorescence decays from an evaporated tetracene thin film at three different excitation densities: 750 ͑black͒, 5400 ͑red͒, and 30 000 ͑blue͒ exc m −3 . As the excitation density increases, the delayed fluorescence becomes a larger fraction of the decay, but at the highest intensities triplet-triplet annihilation accelerates the decay of the delayed fluorescence. ͑b͒ Simulated fluorescence decays generated by using Eqs. ͑1a͒ and ͑1b͒ and the experimental excitation densities. The parameters for the model are k r = 1.2ϫ previous single crystal data, indicating that there is no large discrepancy between the physical behaviors of the two systems.
The DF lifetime deserves special mention, since it is at least a factor of 10 shorter than what has been reported for macroscopic single crystals. Given the simple three-state model outlined in Fig. 4 , one would expect the decay of the DF to be exactly twice as rapid as the triplet decay, since at any point in the triplet decay, the singlets and triplets are in quasiequilibrium and we can set dN T1 / dt = 0 and show
Thus the DF decay time is half the triplet lifetime, i.e., the triplets survive for only 40-200 ns in the thin films. This shortened lifetime is probably due to rapid diffusion of the triplets to the crystallite boundaries, where they are expected to encounter a high density of structural defects that can act as quenching sites. We can calculate a three-dimensional diffusion length
͑3͒
Given a diffusion constant D =1ϫ 10 −4 cm 2 / s, taken as an average of literature values, 43, 53, [56] [57] [58] and delayed = 55 ns, we can calculate L D trip = 140 nm. This distance is greater than the thickness of the evaporated films and consistent with the crystallite size in the evaporated film as seen in Fig. 2͑a͒ . As mentioned before, this shortened lifetime appears to be a general feature of our polycrystalline samples, and this feature may have implications for organic photovoltaic devices based on evaporated polycrystalline films.
C. Transient absorption measurements in solution
We now turn to the femtosecond transient absorption experiments, which should provide a more direct way to monitor the triplet population and confirm the role of EF. We begin by examining the spectroscopy of tetracene monomer in toluene solution. Figure 6 shows the TA spectrum 300 fs after excitation at 410 nm. The signal is positive for all probe wavelengths used in our experiments ͑450-750 and 850-1600 nm͒, signifying that excited state absorption plays an − transitions, respectively. The decays of the lower energy peaks at 650 and 1190 nm exactly parallel that of the fluorescence decay in toluene, at least to the 50% level at 2 ns delay, which was the limit of our delay stage. The evolution of the spectral region from 450 to 600 nm is more complicated. The bleach ͑S 0 → S 1 peak at 475 nm͒ and stimulated emission ͑S 1 → S 0 peaks at 477, 515, and 554 nm͒ are all negative features that are clearly visible, but they are superimposed on top of the positive absorption features centered at 450 and 650 nm. Note that the bleach and stimulated emission peaks appear as a single large peak due to the small Stokes shift in tetracene. At all wavelengths, the dynamics can be fit in terms of a single relaxation time fl = 4.2 ns using a function of the form Ae −t/ fl + y 0 . Note that the amplitude A and offset y 0 can be positive or negative. This form for the decays is what is predicted by a simple model where the dynamics are governed by a single relaxation process, in this case the fluorescence decay due to intersystem crossing to the T 1 state. Since the solution state spectroscopy of monomeric tetracene is not the main focus of this article, we reserve a detailed analysis of the monomer excited state S 1 → S N spectra for a later paper.
At longer times, intersystem crossing should leave approximately 60%-80% of the molecules in their triplet state, based on previous measurements in room temperature solution. 41, 42 Thus after the S 1 state has completely decayed, we expect to see two features remaining in the TA spectrum: a ground state bleach signal and a feature corresponding to the strong T 1 → T N absorption centered at 465 nm. Although many T 1 → T N absorption features have been identified in tetracene, the peak at 465 nm is the strongest, with a peak absorption coefficient ͑T 1 → T N ͒ ranging from 3 ϫ 10 4 to 9 ϫ 10 4 M −1 cm −1 according to literature values, 35 as compared to the peak absorption for the S 0 → S 1 transition ͑S 0 → S 1 ͒ = 10 700 M −1 cm −1 . We have measured the TA spectrum at a delay of 20 ns, where we expect the singlet population to be negligible. This spectrum is shown in Fig. 7͑a͒ , where it appears as a single broad peak with a dip at 475 nm corresponding to the negative bleach signal. When the scaled linear absorption is subtracted from the TA signal, we obtain the spectrum shown in Fig. 7͑b͒ , which is in good agreement with the T 1 → T N absorption measured by flash photolysis experiments in a variety of different solvents and glasses. 35 In order to subtract the ground state bleach, we had to scale the spectra by assuming that the T 1 → T N peak absorption coefficient is 2.76 times larger than that of the ground state S 0 → S 1 absorption. Given ͑S 0 → S 1 ͒ = 10 700 M −1 cm −1 , this results in an estimate for the triplet absorption ͑T 1 → T N ͒ = 2.9ϫ 10 4 M −1 cm −1 . This is close to the value of 31 200 M −1 cm −1 that was measured in flash photolysis experiments on monomeric tetracene dissolved in benzene. 63 Thus the long-time ͑20 ns͒ behavior of tetracene in solution is consistent with previous flash photolysis experiments: a weak negative bleach superimposed on a strong T 1 → T N ex- FIG. 6 . The transient absorption spectrum of tetracene monomer in toluene ͑0.7 mM͒ 300 fs after excitation. The bleach and stimulated emission peaks at 480-560 nm are on top of three excited state absorptions centered approximately at 450, 650, and 1200 nm. The black spectrum is taken using a visible continuum probe pulse while the low energy spectrum is obtained using a different infrared continuum probe pulse.
cited state absorption. The only surprise in the TA spectroscopy of monomeric tetracene is the preponderance of S 1 → S N excited state absorption features at early times that outweigh the ground state bleach and stimulated emission contributions.
D. Transient absorption measurements in solid film
Based on our results for the fluorescence of solid tetracene, which are consistent with rapid EF occurring on a 100 ps timescale, and the observation of a strong T 1 → T N absorption in the monomer, one would naively expect the TA experiment on the solid film to show a transition from bleach/stimulated emission signals at early times to a dominant T 1 → T N absorption within 100 ps. This is not what is observed, however, as the data in Fig. 8͑a͒ show. The signal is dominated by an intense negative peak centered at 533 nm that decays within 15 ps. The high energy Davydov peak at 505 nm does not change at all during this time, while the blueshifted vibronic peaks in the bleach show much smaller changes. The spectrum of the short-lived species can be obtained by subtracting the spectrum at long delay ͑1950 ps͒ from the 300 fs spectrum. The result is shown in Fig. 8͑b͒ and looks similar to the fluorescence spectra seen in Figs. 2͑c͒ and 5, but with a strongly enhanced 0-0 peak at 533 nm. The decay of this species depends on laser intensity, but at lower pump fluences ͑Ͻ3.5ϫ 10 −4 J / cm 2 ͒ it becomes independent of pump intensity and we can fit the decay to single exponential with a relaxation time of 9.2 ps, as shown in Fig.  9͑a͒ . The 533 nm peak most likely corresponds to stimulated emission, since it has a very small Stokes shift, but its decay is much more rapid than the 80 ps decay observed in the fluorescence experiments. It should be noted, however, that the time resolution of the streak camera used in those measurements was limited to 20 ps and it would not have been able to resolve the 9.2 ps decay evident in Fig. 9͑a͒ . The rapid decay of the bleach/stimulated emission signal is accompanied by a slight increase in absorption in the region around 475 nm that occurs on the same timescale, as shown in Fig. 9͑b͒ . This is close to the wavelength where we would expect to see the T 1 → T N absorption, according to the results in Fig. 7 , but its amplitude is much weaker than in the monomer. In Fig. 9͑c͒ , the decay of a low amplitude induced absorption at 650 nm which corresponds to the same wavelength where the S 1 → S N absorption was observed in the monomer ͑Fig. 6͒. This feature also decays on the same 9.2 ps timescale as the stimulated emission at 533 nm. All these data are consistent with an initially excited singlet state that disappears within 10 ps. After the initial 9 ps decay, the dynamics at all wavelengths are completely flat on a 2 ns timescale-all the interesting spectral dynamics occur very early, within the first 15 ps or so after excitation. Our TA data in tetracene are qualitatively similar to that observed in thin films of pentacene, 25, 26, 64 but it is not consistent with our fluorescence lifetime data, which indicates that the singlet state should decay an order of magnitude more slowly.
For completeness, we briefly compare our data to previous measurements on tetracene single crystals. 64, 65 Comparison of the two sample types is complicated by the very high optical density of the single crystals which makes it difficult to analyze spectral information due to attenuation effects. In neither of these studies was an attempt made to reconcile their data with parallel photoluminescence measurements, nor was the crystal orientation specified. In both previous experiments on single crystals, the small initial bleach signal disappeared within a few hundred picoseconds, and the signal was dominated by a very broad induced absorption centered at around 700 nm that appeared within a few hundred femtoseconds and survived for more than a nanosecond. Frolov et al. assigned this feature to trapped singlet excitons, 65 while Thormsolle et al. assigned it to the T 1 → T N absorption, 64 despite the fact that no T 1 → T N features are observed at this wavelength in the isolated molecule. Thormsolle et al. concluded that after 400 nm excitation, EF occurs via two channels: a direct 300 fs relaxation from the photoexcited S N state and via a thermally activated pathway from the relaxed S 1 state on a timescale of 50 ps, significantly longer than the 9.2 ps decay that we observe. At present, we cannot fully explain the discrepancies between our transient absorption data from thin films and the data on the single crystals. Similar differences observed by Thormsolle in their experiments on pentacene were ascribed to the complete absence of EF in the pentacene thin films, 64 which we do not believe to be the case in tetracene. Since EF is expected to be a localized phenomenon, restricted to an area of the singlet exciton which is ten molecules or less, it is doubtful that differences in crystal size on the order of hundreds of nanometers could affect its rate. The absorption and fluorescence spectra of polycrystalline films and single crystals are very similar, so it is unlikely that these different morphologies shift the S 1 and T 1 energy levels significantly. One possible physical difference between the two forms of solid tetracene that might affect the fission rates is the fact that the packing of tetracene molecules in a thin film on a SiO 2 surface can be slightly different from that in a single crystal ͑see discussion below͒.
E. Comparison of photoluminescence and transient absorption results
Comparison of the femtosecond TA data with the picosecond luminescence data raises two obvious questions regarding the physical interpretation of the data. First, why is the decay of the singlet state so much more rapid in the TA data than in our fluorescence data, and why is the 80 ps PL decay not observed in the TA data? Second, why is a strong T 1 → T N absorption not observed in the solid samples, given that it is expected to be an even greater yield of triplets than in solution, where the T 1 → T N absorption was easily observed? Below we address both of these questions in an attempt to develop a self-consistent physical picture for tetracene's solid-state photodynamics.
The explanation for the apparent discrepancy between the picosecond photoluminescence data and the femtosecond TA data is that the 80 ps decay observed in the streak camera experiments does not originate from the initially excited S 1 state seen in the TA data, but instead is due to a superradiant defect state that can be populated both by the initial excitation pulse and through triplet-triplet recombination. The existence of such a defect state in tetracene would be consistent with our previous results in anthracene, 28 a closely related molecular crystal. In fact, the defect nature of the long-lived emission is also consistent with the small size of the delocalization derived from our earlier analysis of the vibronic lineshape and superradiant lifetime of this species, where we estimated that its coherence length was limited to approximately ten molecules even at low temperature. 29 The crystalline domains within our evaporated films are much larger than this, but if the exciton we were measuring was actually trapped at a crystal defect site ͑e.g., a one-dimension slip dislocation͒, then the small domain size becomes understandable, since such defects would be expected to have a distribution of sizes, with an average size smaller than the domain size of the intrinsic crystalline film. 40, 66, 67 Finally, a detailed analysis of the temperature-dependent photoluminescence of tetracene films on graphite by Voigt et al. has provided evidence for the participation of several emissive states that are very close in energy but which can be resolved at lower temperatures. 68 If the state observed in the picosecond fluorescence experiments is a defect state that accounts for relatively small FIG. 9 . Transient absorption kinetic traces from the 35 nm thick vacuum evaporated tetracene film with a fluence of 7 ϫ 10 −4 J cm −2 , along with single exponential fits of the rapid initial dynamics using a 9.2 ps time constant. ͑a͒ 533 nm TA signal ͑black͒ with 9.2 ps fit ͑red dashed͒. ͑b͒ 475 nm TA signal ͑black͒ with 9.2 ps fit ͑red dashed͒. ͑c͒ 650 nm TA signal ͑black͒ with 9.2 ps fit ͑red dashed͒.
portion of the total excited state population, then the rapidly decaying emission seen in the TA experiments should correspond to a more delocalized initial state, possibly an intrinsic two-dimensional exciton that can exist within the herringbone crystal lattice. Several experimental observations suggest that the initial species seen in the TA data is indeed more delocalized than that seen in the photoluminescence. First, the spectral shape of the short-lived component is consistent with a more delocalized state than seen in the fluorescence. Previous theoretical and experimental work has shown that in J-type aggregates like crystalline tetracene, the ratio of the 0-0 and 0-1 vibronic peaks in the emission provides a sensitive measure of the exciton coherence length. 40 By fitting the 9.2 ps spectrum ͓from Fig. 8͑b͔͒ and 80 ps spectrum ͓from the inset to Fig. 5͑b͔͒ to a sum of two Gaussian lineshapes, we find that the 00/01 peak ratio for the 9.2 ps species is 2.3 times larger than that of the 80 ps spectrum. Thus we estimate that the short-lived species is about twice as delocalized as the average size of the 80 ps PL species, or delocalized over about 4.6 molecules at room temperature. A second indication that the species observed in the TA experiments has a higher degree of delocalization is its higher apparent emission/absorption cross section, which scales as N coh , the number of molecules participating in the coherent exciton wave function. In the limit of low absorption samples, we can consider both the linear and nonlinear absorption properties. We define n mon as the density of monomers in the crystal, mon as the absorption coefficient of the monomer, and mon pu and mon pr as the absorption coefficients of the monomer at the pump and probe wavelengths, respectively. If the solid possesses excitons with a coherence length N coh , we can estimate n ex , the density of the delocalized absorbing excitons and their cross section,
If L is the sample thickness, we find that the absorption, a linear optical measurement, does not depend on N coh ,
It is straightforward to show, however, that the nonlinear pump-probe signal does reflect N coh ,
One way to think about this result is that the nonlinear ⌬A signal level for the solid is higher than expected because we are probing a state with a large cross section due to superradiant enhancement of the transition dipole moment. We can estimate N coh by comparing the peak ⌬A signals of the monomer and solid, scaled by the pump fluence and absorption at the pump wavelength. Using Eq. ͑6͒, we can derive an expression for the ratio of the ⌬A signals for the solution and solid,
Plugging in values for the solution ͑peak ⌬A = 0.005 at 480 nm, absorption at 400 nm= 0.10, fluence= 1.5 ϫ 10 −3 J / cm 2 ͒ and for the solid film ͑peak ⌬A = 0.01 at 530 nm, absorption at 400 nm= 0.05, fluence= 7 ϫ 10 −4 J / cm 2 ͒, we find that the ratio solid / monomer is ϳ6, in reasonable agreement with the estimation of 4.6 based on the emission lineshape. It is important to emphasize that both estimates for N coh are quite crude. For example, we neglect the possibility of induced absorption to the doubly excited two-exciton manifold, which would be expected to appear just to the blue of the one-exciton bleach/stimulated emission signal. 69, 70 In general, the behavior of the one-and twoexciton transitions can be complicated, and for large delocalization values their destructive interference can actually lead to lineshapes that are independent of N coh . 71 Nevertheless, it is encouraging that our two estimates, based on independent observables, are in reasonable agreement. This agreement indicates that our picture is at least qualitatively selfconsistent, even if its quantitative estimates of N coh may need to be revised. Finally, a recent analysis of the absorption lineshape of tetracene single crystals, which is determined by the initially excited species observed in the TA data, suggests that there exist larger exciton delocalization lengths than what was observed in our photoluminescence experiments. 72 While the S 0 → S 1 transition can experience a superradiant enhancement in the solid-state, the S 1 → S N transitions may experience no enhancement at all. This would appear to be the case for the excited state absorption features observed in the monomer but barely visible in the solid film TA data. The behavior of excited state absorption features in Frenkel exciton molecular systems is not well-understood. In addition to the appearance of new multiexciton manifolds as alluded to in the previous paragraph, the S 1 → S N and T 1 → T N transition can also change significantly. Theoretical work on one-dimensional model systems has shown that, depending on the nature of the interaction between molecular excited states, it is possible to generate large shifts in energies and even generate extra resonances. 73 For now, we assume that the T 1 → T N absorption is unaffected by intermolecular interations, as evidenced by tetracene's triplet exciton bandwidth, estimated to be on the order of 30 cm −1 , 74 as compared to the value of ϳ650 cm −1 Davydov splitting for tetracene's singlet exciton state. 75 The weak interactions between triplet excitons means that they are localized on individual molecules at room temperature, and thus their spectroscopic properties in the crystal should be similar to those observed for isolated molecules in solution. It was pointed out long ago that it is difficult to observe the triplet-triplet absorption in molecular crystals. 76 The lack of superradiant enhancement for the triplet states provides one reason why their excited state absorption would be difficult to observe in our TA experiments. In this molecule, the triplet peak = 29 500 has to compete with the enhanced S 0 → S 1 transition, which gives rise to the dominant bleach signal.
A second, perhaps more important factor that can affect the visibility of the triplet T 1 → T N absorption feature is the orientation of the tetracene molecules on the substrate surface. Many studies of evaporated tetracene thin films have shown that the crystallites prefer to lie with their ab plane parallel to the substrate surface. Our films are no exception and the thickness effects on the absorption lineshape in Fig.  2͑b͒ are a direct consequence of this preferential orientation of the crystallites. This orientation problem has previously been recognized in the TA spectroscopy of pentacene thin films, but its effect on the relative magnitudes of the shortaxis polarized S 0 → S 1 versus the long-axis polarized T 1 → T N signals was not quantified. 25, 26 Given a transition dipole tilted at an angle relative to the surface normal, as shown in Fig. 10 , but which are randomly oriented in the x-y plane, which is parallel to the substrate and perpendicular to the light propagation direction, one can calculate the total excitation probability assuming a dipole-field interaction,
If we neglect differences in line-broadening and conservatively assume that S0→S1 Ϸ T1→TN ͑i.e., a factor of 3 superradiant enhancement of the S 0 → S 1 transition͒, we can use the literature value of = 21°for the angle that the long-axis of the tetracene molecule makes with the ab plane of the crystal, 77, 78 we find that
In other words, for normal incidence light, the T 1 → T N absorption signal is expected to be almost one order of magnitude smaller than the S 0 → S 1 signal. This is probably an optimistic estimation, since we have assumed that the angle in our thin films is exactly the same as that in the bulk crystal. In reality, the molecules on the SiO 2 surface are probably tilted even more vertically than in the bulk crystal, since it is known that the presence of a surface tends to affect the orientation of molecules within crystalline thin films. In pentacene, for example, the tilt angle can change from 19°in the bulk crystal to 5°or less for ultrathin films on a SiO 2 surface. 79, 80 Similar effects have been observed for tetracene thin films on SiO 2 surfaces, although the angle has not been directly measured. [81] [82] [83] If we change from 21°to 10°, less than what is observed in pentacene, then the ratio in Eq. ͑9͒ becomes 60, and the T 1 → T N transition will be barely discernible within the experimental noise.
F. Long-delay transient absorption measurements of bleach recovery
Taken together, the superradiant enhancement of the S 0 → S 1 transition and the near-normal alignment of the T 1 → T N transition dipole serve to obscure the signature T 1 → T N absorption. Nevertheless, it is possible to discern a rapid rise in the signal in the region around 475 nm that may reflect the population rise in the triplet state due to EF. But even if we are not able to directly observe the triplets via their excited state absorption, examination of the pumpprobe signal at very long delays provides evidence for their role in the excited state dynamics. Previous work on the magnetic dependence of the DF has established that it arises mainly from triplet-triplet recombination. 31 If we assume that the DF reflects the triplet population decay, we can ask whether these triplets make up the bulk of the excited states after photoexcitation. If they do, then the decay of the bleach signal in the TA data should mirror that of the delayed fluorescence. The same samples and pump intensities were used to check this correspondence. Figure 11 compares the longtime decay dynamics of the bleach signal at 532 nm measured in the TA experiment and the delayed fluorescence decay measured in the PL experiments. The two decays mirror each other over the first decade of decay, with a time constant of 33+ / −3 ns for this sample.
From Eq. ͑2͒, we would expect the lifetime of the DF ͑which is proportional to N S1 ͒ to be exactly half that of the bleach recovery ͑which is proportional to N T1 ͒. However, that analysis is only valid in the absence of traps. Previous workers have shown that when the delayed fluorescence is mediated by trapping events, the simple relation in Eq. ͑2͒ can break down. In the limit where traps are saturated, for example, the DF becomes quasi-first-order in N T1 and mirrors the triplet lifetime exactly. This situation has been shown to hold for DF in both amorphous polyvinylcarbazole 84, 85 and in single crystals of n-isopropylcarbazole. 86 In tetracene, Eq. ͑2͒ is usually as-
The substrate is in the ab plane of the tetracene crystal structure and the individual molecules align to be 21°͑͒ from normal from the ab plane. The transition dipole moment of the triplet absorption ͑arrow͒ lies along the long molecular axis, which will interact with the excitation beam significantly less than the singlet, whose dipole moment is aligned along the short molecular axis. sumed to be valid but has not been experimentally confirmed. In anthracene, the closest analog to tetracene, the role of traps in DF was recognized early on. 87 However, comparison of the DF and phosphorescence lifetimes in anthracene have yielded mixed results, with early workers seeing that Eq. ͑2͒ was valid, 88 while later workers concluded that the role of trapping in DF always leads to deviations from Eq. ͑2͒. 89 The fact that we have already assigned the emitting species in the DF to be a defect state is consistent with the idea that such states play a significant role in triplet recombination. This would not be too surprising, since the concentration of such defects is expected to be relatively high in our evaporated films as compared to slowly grown single crystals. Since parameters like defect density, trapping rates, and triplet diffusion constants are not precisely known, we do not attempt to construct a quantitative model for these processes. Based on our results, however, it is clear that the kinetic scheme in Fig. 4 should be modified in order to provide a consistent description of both the photoluminescence and TA data. Our modified scheme is presented in Fig. 12 . We now postulate the existence of two distinct singlet states. The first is a highly delocalized initial state that partitions between EF and a luminescent singlet defect within 10 ps after photoexcitation. The defect state, which is likely a minor product, then goes on to decay within 100 ps. The major product of the decay of the initial state are triplet pairs, whose lifetime can be monitored either via delayed fluorescence of the defect state or by the bleach recovery in the TA. Finally, the fraction fiss of singlets that generate triplet pairs can be estimated using the fission rate k fiss and the decay rate in the absence of fission, which we can take as k mon , equal to the fluorescence decay rate for a monomer in solution fiss = k fiss k fiss + k mon . ͑10͒
If we take the 1 / k fiss = 9.2 ps to be the formation time of the triplet pair, and the intrinsic decay time of tetracene in the absence of fission to be the solution value 1 / k mon = 4.2 ns, we can estimate fiss Ͼ 0.99. Since fission creates two triplets, the yield of triplets would be estimated to be close to 200% for this model.
IV. CONCLUSION
This work represents a comprehensive study of the dynamics of tetracene at room temperature. By comparing the dynamics of monomeric tetracene to those of evaporated polycrystalline thin films, we confirm that the triplet state is produced in solution, and that it can be easily observed at long delays after the interfering singlet excited state absorption features have decayed away. In the solid-state, we find that the fluorescence decays of our evaporated thin films are well-described by previous kinetic models that were developed for single crystal tetracene. The major difference is that the triplet lifetime, as measured from the delayed fluorescence decay, is at least an order of magnitude shorter in the evaporated films than in the single crystal samples. When TA experiments are performed on the solid films, we observe a new S 1 species that decays within 10 ps. The excited state S 1 → S N and T 1 → T N transitions seen in solution are obscured by both the superradiant enhancement of the S 0 → S 1 transition and by the orientation of the crystallites which diminishes the visibility of transitions polarized along the long molecular axis. The fact that the bleach recovery parallels the delayed fluorescence decay indicates that triplets are the majority species formed by the decay of the initially excited state. The identification of a short-lived singlet species that is the precursor of both the triplet and the singlet states leads us to estimate a rate for EF that is about a factor of 10 more rapid than previous estimates based on the fluorescence decay rate. Overall, our results are largely consistent with the traditional picture of EF as the dominant process in the excited state of tetracene, but show that complications like exciton delocalization and luminescent defects must be taken into account. Attempts to use monomer spectral properties, in particular absorption coefficients, to interpret nonlinear spectroscopy measurements on strongly coupled aggregate systems must be viewed with caution. Finally, since our data are consistent with the presence of rapid EF in room temperature polycrystalline tetracene, this material may be viewed as a viable candidate for harnessing this phenomenon to increase the efficiency of organic solar cells. Schematic of a multilevel kinetic system that includes effects of delocalization and defect sites and that is more consistent with our experimental data than the scheme in Fig. 4 . Note the singlet state is now delocalized over multiple molecules. Only the dominant kinetic processes are shown. The initially created S 1 state can relax either to a defect S 1 state which dominates the picosecond photoluminescence, or it can fission into two T 1 states with a rate k fiss ϳ 10 11 s −1 . The newly created T 1 states can recombine at the defect site and regenerate the defect S 1 state, leading to the observed delayed fluorescence decay that reflects k trip ϳ 10 7 s −1 .
